The ability of RNA polymerase holoenzyme to synthesize rRNA in vitro is not lost after extensive purification. RNA polymerase core enzyme, however, which is missing the a, factor, synthesizes little rRNA in vitro.
While the ribosomal RNA (rRNA) genes of Bacillus subtilis are actively transcribed during logarithmic growth, the synthesis of rRNA is abruptly turned off early during the process of sporulation (1) . This turn off is prevented, however, in a mutant known as rfr 10, which is resistant to the drug rifampicin (1, 2) . Rfr 10 cells sporulate with less than 5% the frequency of wild-type cells (2) . To test the idea that the turn off of rRNA genes is due to the alteration of RNA polymerase during spore formation (2-5), we have looked for the synthesis of rRNA in vitro. Since rRNA accotints for 15-45% of the total RNA synthesized at any given time in rapidly growing bacteria (6) (7) (8) (9) , it seemed likely that rRNA would comprise a substantial fraction of RNA transcribed in vitro from B. subtilis DNA. We report here that highly purified RNA polymerase from vegetative cells of B. subtilis initiates the synthesis of rRNA in vitro. The rRNA is copied from the heavy (H) strand of B. subtilis DNA and accounts for at least 8% of the RNA synthesized in vitro. We also report experiments on the in vitro synthesis of rRNA by RNA polymerase that is purified from wild-type sporulating cells and from stationary phase cells of the oligosporogenous mutant rfr 10. Haseltine (manuscript in preparation) has independently discovered that purified Escherichia coli RNA polymerase also synthesizes rRNA in vitro. Preparation of DNA. DNA was extracted from B. subtilis by the method of Saito and Miura (10) . The 15 min, RNA was extracted with phenol and precipitated with ethanol as described (13) .
Hybridizations in Liquid. Hybridization reactions were performed at 69°C for 5 hr with H-and L-strand DNA and 3 hr with alkali-denatured DNA. After hybridization, the reaction mixtures were incubated with 0.8 ml of heat-treated RNase A (Sigma, 5 X crystallized) in 2 X SSC (0.30 M NaCl-0.030 M sodium citrate) (10 ag/ml) for 30 min at 34°C. Hybrids were collected on Schleicher and Schuell 13-6 filters and washed with 60 ml of buffer containing 0.01 M Tris HCO (pH 7.5) and 0.5 M KCl. After drying, the radioactivity retained on the filters was measured in a liquid scintillation counter. For hybrids containing radioactivity from both 'H and 32p, correction was made for the 1% crossover of 32p into the "H channel.
RESULTS
To test for the synthesis of rRNA in vitro, first partially purified RNA polymerase was used to transcribe B. subtilis DNA. The enzyme was purified from vegetative cells of B. subtilis 3610 after sonication and high speed centrifugation by phase extraction in the polyethyleneglycol-dextran sulfate system of Babinet (15) (11) . Hybridization to the separated strands of DNA is much more efficient than to denatured DNA. Moreover, Oishi (16) and Margulies et al. (17) have shown that rRNA hybridizes exclusively with the H-strand DNA. In the experiment of Fig. 1 We calculate from the experiment of Fig. 2 that 30% of the in vitro synthesized RNA is rRNA, since about three times as much in vitro synthesized RNA is required to give the same amount of competition as caused by in vivo synthesized rRNA. We feel, however, that 30% is an overestimate because the unlabeled in vivo rRNA, which was extracted from purified ribosomes, is in small pieces and hybridizes with lower efficiency that the in vitro synthesized RNA. A background of 280 cpm has been subtracted. In all cases, addition of unlabeled rRNA did not reduce the background.
peptide, in addition to ,', B, a, and u. This enzyme has a specific activity of 346 units/mg with he DNA as template, 164 units/mg with poly(dAT) as template, and 17 units/mg with B. subtilis DNA as template.
To test for the synthesis of rRNA in vitro, radioactively labeled RNA synthesized by the enzyme purified on a DNAcellulose column was annealed in the presence of increasing amounts of unlabeled rRNA, to denatured B. s&iZbtilis DNA that was either immobilized on -a filter or in liquid. The experiment of Fig. 3 shows that rRNA causes about 50% competition with the hybridization of the in vitro RNA to denatured DNA that is immobilized on a filter, and 19% competition with the hybridization of in vitro synthesized RNA to denatured DNA in liquid (Fig. 4) . The competition by rRNA is specific since rRNA did not compete with hybridization to L-strand DNA in the experiment of Fig. 1 . Moreover, rRNA does not compete with the hybridization of radioactive RNA transcribed from he DNA to denatured ye DNA, and as will be shown below, rRNA does not compete with the hybridization of RNA synthesized by sporulation polymerase to denatured B. subtilis DNA (Fig. 4) .
Another hybridization method for the detection of rRNA sequences in in vitro synthesized RNA is the "blocking" pro- cedure of Gillispie (18) . This method ensures that the competition of in vitro synthesized [8H]RNA is due to rRNA competitor that has actually hybridized to the DNA. First, DNA filters were preannealed with various amounts of rRNA. Unhybridized competitor was removed by treatment with RNase, followed by extensive washing to remove the RNase. Next, in vitro synthesized [3H ]RNA was hybridized to the previously annealed filters. We found that 30% less in vitro [3H]RNA hybridized to DNA-filters that were previously annealed with rRNA than to control-filters previously annealed in the absence of competitor. Thus, prior "blocking" of DNA by rRNA competes with the hybridization of the in vitro product.
As a final test of whether highly purified enzyme synthesizes rRNA, [32P]rRNA was hybridized to H-strand DNA in the presence of increasing amounts RNA synthesized in vitro by the enzyme purified by DNA-cellulose chromatography. The experiment of Fig. 5 shows that in vitro synthesized RNA completely competes with ['2P]rRNA. We calculate that about 15% of the in vitro RNA is rRNA. This competition is not due to a contaminant of the enzyme, since extract from a zero time control that was incubated at 0C instead of 370C did not cause competition. Thus, vegetative RNA polymerase synthesizes rRNA even after extensive purification.
Vegetative eore palymerase synthesizes little rRNA in vitro
Since the a factor of RNA polymerase is needed for correct initiation of transcription from several well defined templates, we expected that the synthesis of rRNA would be dependent on B. subtilis factor. -To test this idea, highly purified core polymerase was prepared from holoenzyme by phosphocellulose chromatography. This procedure dissociates both E. coi and B. subtilis holoenzyme into core polymerase and a factor. The experiment of Fig. 6 shows that the in vitro synthesized product of core polymerase competes poorly with I'2P]rRNA. We calculate that about 1% of the RNA synthesized by core enzyme contains rRNA sequences. Furthermore, preliminary experiments indicate that addition of partially purified af factor to the core enzyme stimulates rRNA synthesis. These findings suggest that rRNA synthesis is highly dependent on cr factor. It is not excluded, however, that rRNA synthesis requires a protein other than of that is present as a contaminant in the enzyme purified by the DNA-cellulose chromatography and that is removed by phosphocellulose chromatography.
Sporulation polymerase synthesizes little rRNA in vitro
As a first test of the idea that alteration of RNA polymerase is responsible for the turn off of rRNA synthesis during sporulation, polymerase was purified from wild-type and rfr 10 cells, 4.5 hr after the end of logarithmic growth. After sonication of the cells and high speed centrifugation, the RNA polymerase was partially purified by phase extraction, a procedure that removes nucleic acids. Next, the enzyme was applied to a DEAE-cellulose column and eluted step-wise between concentrations of 0.13 and 0.24 M KCl. The A280:A260 ratio for the DEAE enzyme was 1.6. The ratio of activity with Ye DNA as a template to the activity with poly(dAT) as a template was about 0.1 for the sporulation enzyme and 0.9 for the stationary phase rfr 10 enzyme.
The experiment of Fig. 4 shows that rRNA does not compete with the hybridization of the RNA synthesized in vitro by sporulation polymerase to denatured DNA. Ribosomal RNA does, however, compete with the hybridization of the in vitro product of the rfr 10 enzyme. The finding that rRNA does not compete with the hybridization of the in vitro product of the sporulation enzyme to denatured DNA is not (13) reported that an additional factor, #, which does not purify with polymerase, was needed for rRNA synthesis. However, Haseltine (manuscript in preparation) now finds that highly purified E. coli polymerase, like the B. subtilis enzyme, synthesizes rRNA in vitro in the apparent absence of additional factors. Moreover, Haseltine finds that although V factor stimulates total RNA synthesis from E. coli DNA, & factor does not increase the fraction of rRNA synthesized.
We have observed that RNA polymerase purified from sporulating cells of B. subtilis fails to synthesize rRNA in vitro. The failure to synthesize rRNA could be due to the loss of vegetative template specificity by RNA polymerase early during spore formation (3) . Sporulation RNA polymerase is missing the function of the a factor and contains an altered # subunit (4) . Thus, the turn off of the rRNA genes in sporulating cells (1) could be due to the alteration of RNA polymerase. In support of this idea, a rifampicin-resistant, sporulation-deficient mutant of B. subtilis rfr 10 continues to synthesize rRNA after the end of logarithmic growth (1) . RNA polymerase in the rfr 10 mutant retains vegetative template specificity during stationary phase (2) and synthesizes rRNA in vitro. Before concluding, however, that alteration of RNA polymerase is the mechanism for turning off rRNA genes in sporulating cells, it will be necessary to demonstrate that sporulation RNA polymerase synthesizes sporulation-specific RNA in vitro.
